Ecological opportunity is considered a crucial factor for adaptive radiation. Here, we combine genetic, morphological and ecological data to assess species and ecomorphological diversity of Artic charr in six lakes of a catchment in southernmost Greenland, where only charr and stickleback occur. Because the diversity of habitats and resources increases with lake size, we predict a positive association between lake size and the extent of ecomorphological diversity. The largest lake of the catchment harbours the largest Arctic charr assemblage known today. It consists of six genetically differentiated species belonging to five ecomorphs (anadromous, littoral benthic, profundal dwarf, planktivorous, piscivorous), of which the latter comprises two ecomorphologically extremely similar species. Lakes of intermediate size contain two ecomorphologically and genetically distinct species. Small lakes harbour one genetically homogeneous, yet sometimes ecomorphologically variable population. Supporting our prediction, lake size is positively correlated with the extent of ecomorphological specialization towards profundal, pelagic and piscivorous lifestyle. Furthermore, assemblagewide morphospace increases sharply when more than one genetic cluster is present. Our data suggest that ecological opportunity and speciation jointly determine phenotypic expansion in this charr radiation.
Introduction
The process of adaptive radiation, often defined as the rapid evolution of several ecologically differentiated species from a common ancestor, is considered an important source of biodiversity [1] . Ecological opportunity (i.e. a wealth of accessible and underutilized resources) is thought to be crucial for adaptive radiation to occur [2, 3] , however data to test its role are limited [4] . Theoretical models [5, 6] and comparative data [7] find that it is the combination of ecological opportunity and intrinsic potential of organisms to speciate that determine the occurrence of adaptive radiation. With increasing isolation and area, speciation rather than immigration governs community assembly [8, 9] . Hence, large, newly arisen environments in isolated and competitor-poor regions are promising places for finding adaptive radiations.
Following the ecological theory of adaptive radiation [1] , ecological opportunity sets the external bounds within which the radiating taxon expands its resource use and phenotypic variation according to its intrinsic physiological and evolutionary potential. Many studies explored the relationship between ecological opportunity and ecological or phenotypic variation with populations [3, [10] [11] [12] , but only rarely with young species radiations (but see [13] ).
Ecological opportunity may drive expansion towards one or multiple ecological niches, which may cause morphological variation to expand towards one [13, 14] or multiple [12, 15] directions of ecomorphological specializations. In Darwin's finches, the distribution of seed hardness predicted ecomorphological specializations (beak depth) along this single dimension [16] . In contrast, to our knowledge, whether ecological opportunity predicts the extent of expansion towards multiple ecomorphological specializations remains untested.
The Arctic charr (Salvelinus alpinus complex) advances farthest north of all freshwater fish taxa, thereby colonizing many novel, competitor-free environments. Across its subarctic range, it is famous for its diversity of forms, both between and within water bodies (reviewed in [17] [18] [19] ). The largest sympatric Arctic charr diversity is known from Lake Thingvallavatn, Iceland, harbouring four charr forms that differ in morphology, ecology [20] and, at least for three of them, also in genetics [21] . Generally, the genus Salvelinus shows high sympatric diversity. Lake charr (Salvelinus namaycush) repeatedly evolved up to four sympatric morphs showing adaptations to feeding in different depth zones of large lakes [22] . Currently, the highest number of sympatric charr forms is known from Lake Kronotskoe, Russia, for which seven morphs of Dolly Varden (Salvelinus malma) differing in morphology, ecology and spawning locality have been characterized [23] , but whose species status has not been conclusively addressed. Across the genus Salvelinus, it has been repeatedly proposed that the availability of large ecological opportunity in northern lakes was key to their diversification, a hypothesis that has however not formally been tested for charr radiations (see [24] for charr populations).
In this study, we examine the effect of ecological opportunity on ecomorphological diversity in previously unstudied adaptive radiations of Arctic charr in southern Greenland. The Greenlandic ice sheet started to uncover land and lakes in southern Greenland approximately 10 000 years ago [25] . Very few fish taxa (i.e. three-spined stickleback (Gasterosteus aculeatus species complex) and Artic charr (Salvelinus alpinus), and exceptionally Atlantic salmon (Salmo salar) and eel (Anguilla rostratus [26] )) colonized freshwaters of Greenland. The scarcity of freshwater fish taxa and the well-known propensity of Artic charr for diversification make Greenlandic lakes an ideal study system to test how ecological opportunity shapes ecomorphological diversity during adaptive radiation.
Here, we assess ecomorphological and species diversity of Artic charr in six lakes of the Equaluit drainage in southern Greenland by combining morphological, ecological and genetic data. In the largest lake, we find the richest Arctic charr assemblage known today, consisting of six species belonging to five distinct ecomorphs, one of which comprises two extremely similar, but genetically distinct species. Using our dataset of lakes containing one to six charr species, we test whether ecological opportunity predicts community-wide phenotypic extremes along several directions of ecological expansion. Furthermore, we test whether ecomorph richness and speciation contribute to morphospace expansion across lakes. We discuss our findings in the context of community assembly by adaptive radiation.
Methods

(a) Study system and sampling
Phylogeographic studies show that charr colonized southern Greenland from two glacial refugia, the Atlantic and the Arctic [27] . Previous studies of charr diversity in other Greenlandic lakes found multimodal size distributions, whereby size groups were associated with planktivorous, littoral benthic or piscivorous lifestyle [28] [29] [30] . It however remained unclear whether they represented an ontogenetic transition series, as suggested by Riget et al. [29] and Sparholt [30] , or different species.
The Eqaluit River in southwestern Greenland is located on the Vatnahverfi peninsula near Qaqortoq, and drains into the Igaliku Fjord (60°45 0 33 00 N, 45°33 0 54 00 W). We sampled charr in seven lakes and eight stream sections of the Eqaluit River in July and August 2014 and 2016 (figure 1; electronic supplementary material, table S1). Surface area of lakes was 0.09-8.93 km 2 and maximum depth 1-88 m (electronic supplementary material, table S1). All sampling sites, except Tasilikulooq Upper Lake 2, harboured stickleback besides charr. Benthic and pelagic multimesh gillnets were set at various depths, with the number of nets adjusted to lake size (see electronic supplementary material, appendix S1 and table S2 for details). Streams were mostly narrow and shallow, and we fished them by angling, by hand-netting and by hand.
Individual fish were carefully removed from the net or hook and immediately photographed in water in an adequately sized photo-cuvette (left side of the fish, grey background). After euthanasia in an overdose of clove oil, fish were individually photographed in air (straightened, left side of the fish, grey background; standard photo). A piece of the right pectoral fin and of dorsal muscle tissue were taken and stored in 100% ethanol for DNA and stable isotope analysis, respectively. We measured standard length (SL) of all fish, fixed them in 4% formalin solution and later incrementally transferred them to 75% ethanol for phenotypic analyses.
(b) Morphology
Our catch revealed an astonishing phenotypic diversity of charr. Guided by studies on other lakes with multiple charr species [18, 20, 31] and our own unpublished work on charr in Swiss subalpine lakes, we categorized individuals from Greenlandic lakes into six groups exhibiting typical and frequently found morphological and ecological trait combinations in charr, so called ecomorphs (sensu [32] ). We recognized five specialist ecomorphs (piscivores, planktivores, littoral benthics, profundal dwarfs and anadromous), as well as generalists. A detailed description of each ecomorph is given in electronic supplementary material, appendix S2, and the distinguishing criteria in electronic supplementary material table S3. Two persons (C.J.D., A.K.K.) independently assigned individuals using cuvette and standard photos. 19% of total catch (13% for lakes, 85% for rivers) were left unassigned, either because they were too young, damaged, phenotypically intermediate or because the two persons did not agree in their assignment. In this paper we use the term ecomorph to refer to these purely morphologically defined groups.
Genetic structure analysis showed that in each of Lakes Tasersuaq and Saqqaata Tasia, the piscivorous ecomorph comprised two distinct genetic clusters. For the comparisons between ecomorphs within lakes, we pooled these two genetic clusters into the piscivorous ecomorph, and assessed their ecological and morphological differences subsequently in a separate analysis.
Sample size of the smallest lake, Timerliit Lake 1, was so low (n = 6) that we excluded it from all analyses, except the genetic structure analysis. For the other lakes, we examined morphological variation for a minimum of 15 individuals per ecomorph (except where our sample sizes were smaller, electronic supplementary material, table S4), choosing individuals randomly within ecomorphs (n = 273 in total). We measured 25 linear distances, including SL, on the preserved fish to the nearest 0.01 mm using a digital calliper. Distances were chosen to reflect body and head shape, including ecologically relevant morphological variation [33] (electronic supplementary material, figure S1). Lateral measurements were taken on the left side of the fish, whenever possible (more than 97% of individuals, more than 99.9% of measurements).
To assess morphological differentiation between ecomorphs within lakes, we performed a PCA using all size-corrected royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191992 morphological variables (centred and normalized) for each lake separately, and calculated Bhattacharyya distances between any two sympatric ecomorphs in the PC1-2 morphospace of that lake using the R package fpc [34] . Significance was assessed using Hotelling's T-squared test. We performed size correction by taking for each trait residuals from a pooled regression between log-transformed trait and log-transformed SL within each lake separately. For the largest charr assemblage, we also assessed morphological differentiation using body proportions (electronic supplementary material, appendix S9).
Differentiation in body size was assessed by calculating P ST , a phenotypic analogue of F ST , of SL (measured in the field) for all pairwise ecomorph comparisons within a lake. P ST was calculated following Kaeuffer et al. [35] using 1000 resamplings. We compared individual traits between the two small lakes differing in the prevalence of stickleback in linear models using SL, lake and their interaction as independent variables, using only individuals from the overlapping size range (SL < 225 mm).
(c) Stable isotopes
We performed stable isotope analyses of δ 15 N and a δ 13 C for 556 individuals from six lakes (see electronic supplementary material, appendix S3 for details). To assess differentiation between sympatric ecomorphs in stable isotopes, we calculated Bhattacharyya distances between any two ecomorphs in the δ 13 C-δ 15 N space for each lake assemblage separately using the R package fpc [34] , and assessed significance using Hotelling's T-squared test.
Furthermore, we assessed whether the variance in δ 15 N differed between Tasilikulooq Upper Lake 2 and Timerliit Lake 2 using Levene's test.
(d) Lake habitat and depth
We considered three major lake habitats (littoral, profundal and pelagic) and examined differences in habitat use between ecomorphs within a lake using chi-square tests. All fish caught in benthic nets deeper than 20 m (where light levels were less than 1% of surface light) were assigned to the profundal, those caught in shallower benthic nets to the littoral and those caught in pelagic nets to the pelagic habitat.
Furthermore, we calculated P ST of capture depth between any two ecomorphs within a lake with 1000 resampling permutations. We confined this analysis to benthic nets, because these were used in all lakes.
(e) Microsatellite genotyping and genetic data analysis
We genotyped 686 individuals (electronic supplementary material, table S1) at nine microsatellite loci: OMM1228, OMM5151, OMM1329, OMM1236, OMM1211, OMM5146, OMM1302, BX890355, Ssa100 (see electronic supplementary material, appendix S4 for details). To assess genetic structure in the entire Eqaluit catchment, we conducted a hierarchical structure approach with the program STRUCTURE [36] . We first ran all fish from all lakes and river stretches together for K = 1-15, with 10 replicates per K, 500 000 burn-in and MCMC steps each, applying the admixture model for correlated allele frequencies. We assessed LnP(D) to royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191992 evaluate whether K = 1 was most likely. If that was not the case, we determined the best K using the Evanno method [37] as implemented in structure harvester [38] . Second, we ran STRUCTURE for each of the genetic clusters obtained in the first step, using the above parameter values. Throughout the manuscript, the term 'genetic cluster' refers to the genetic clusters found in this hierarchical STRUCTURE analysis.
We calculated pairwise multilocus F ST (1000 permutations) for all pairwise ecomorph combinations within each lake. Because of small sample size, we excluded the anadromous ecomorph of Lakes Tasersuaq (n = 5) and Saqqaata Tasia (n = 2) and the littoral benthic ecomorph of Timerliit Lake 2 (n = 6). Because individuals of the piscivorous ecomorph within Lakes Tasersuaq and Saqqaata Tasia belonged to two different genetic clusters, we used the two genetic clusters as separate groups for F ST calculation in these lakes. We used ARLEQUIN v. 3.5.1.2 [39] to obtain F ST s, and PGD SPIDER v. 2.0.7.2 [40] to convert files from STRUCTURE to ARLEQUIN format.
Furthermore, we assessed genetic differentiation between different ecomorphs of different lakes belonging to the same genetic cluster, and between populations of the same ecomorph from different lakes belonging to the same genetic cluster. Because planktivorous versus profundal dwarf ecomorphs of Tasersuaq were weakly differentiated, we also performed a locus-by-locus AMOVA (including individual level, 1000 permutations).
We generated a population tree using ecomorphs from each lake as well as samples from different river stretches as populations (see electronic supplementary material, appendix S5).
(f ) Ecomorphological comparison of two sympatric genetic clusters of piscivores
In Tasersuaq and Saqqaata Tasia, we tested whether the two genetic clusters of piscivores differed in SL and 24 size-corrected linear traits using Wilcoxon tests. p-values were adjusted for multiple testing using Holm's method [41] . Using the R package 'adegenet' [42] , we performed a discriminant analysis of principal components on the 24 size corrected traits using the genetic clusters as groups in both lakes separately. The optimal number of PC-axes to retain was determined with the function optim.a.score. We compared medians of capture depth, δ 13 C and δ 15 N using Wilcoxon tests, and variances in capture depth using Levene's test between the two genetic groups of piscivores in both lakes separately.
(g) Predicting lake-specific phenotypic extremes
We expect greater ecological specialization and therefore more extreme trait values with increasing ecological opportunity. To test whether ecological opportunity affects single or multiple niches and whether morphological variation would correspondingly expand into one or multiple directions of ecomorphology, we related lake-specific morphological extremes of the major directions of ecomorphological specializations of charr (littoral benthic, profundal dwarf, planktivorous, piscivorous) to proxies of ecological opportunity (maximum lake depth, lake area and lake volume) (see electronic supplementary material, appendix S6 for details).
(h) Contribution of ecomorph richness and speciation to morphospace expansion
To assess whether morphological expansion is associated with ecomorph richness and speciation, we tested whether total morphospace of lake assemblages increased with increasing number of ecomorphs or genetic clusters while correcting for different sample sizes using a resampling approach (see electronic supplementary material, appendix S7 for details 
Results
(a) From monomorphic populations to diverse charr communities
The first step of the hierarchical STRUCTURE approach for the full dataset including all lakes and river sites revealed seven genetic clusters, none of which was subdivided in subsequent steps (electronic supplementary material, figure S3 ). The two small isolated lakes each harboured one unique genetic cluster, whereas each of the remaining five clusters were found in several lakes ( figure 2) . The phylogenetic tree for ecomorphs of different lakes and river sites largely agreed with the STRUCTURE results (electronic supplementary material, figure S4 ). Going from largest to smallest lake, we report differentiation of sympatric ecomorphs in morphology, ecology and genetics. Tasersuaq and Saqqaata Tasia harboured the same five specialized ecomorphs (figure 2a,b) , none of which was genetically differentiated between these two lakes (all pairwise F ST < 0.013, p > 0.05). This and the close proximity and high connectivity of the two lakes (figure 1) are consistent with them being one lake until relatively recently. We therefore describe the charr communities of these two lakes together. Ecomorphs were genetically significantly differentiated (F ST ) from each other within both lakes, except the planktivore and the profundal dwarf of Saqqaata Tasia were not, potentially due to small sample size (electronic supplementary material, table S5). All ecomorphs were largely assigned to a single genetic cluster, except piscivores comprised of two genetic clusters occurring in both lakes (figure 2a2,b2, see below). Planktivores and profundal dwarfs belonged to the same genetic cluster, yet in Tasersuaq they were significantly genetically differentiated at multiple loci (F ST = 0.025, p < 0.001; electronic supplementary material, tables S5 and S6).
All ecomorphs of Tasersuaq and Saqqaata Tasia were significantly differentiated in at least one measure of morphology (size: electronic supplementary material, table S7; morphological PCA: electronic supplementary material, tables S7 and S8), and ecology (stable isotopes: electronic supplementary material, table S9; habitat: electronic supplementary material, tables S9 and S10, appendix S8; figure 2 ). Unlike other ecomorphs, profundal dwarf and piscivorous ecomorphs were not significantly differentiated in the PCA based on size-corrected residuals (electronic supplementary material, table S7). Their large difference in size may hamper detecting shape differences using residual-based size correction, while they are clearly different when analysing body proportions (electronic supplementary material, appendix S9 and figure  S5 ). One piscivorous individual with extremely low δ 13 C in Tasersuaq fits into the isotopic space of piscivores from Amikitap Tasia (figure 2), and might be an immigrant from this connected lake at higher elevation.
Given that maintenance of multilocus genetic differentiation in sympatry requires reproductive isolation, we consider significant genetic differentiation among and within ecomorphs within lakes as evidence for them being different species. Hence, we identify six charr species in Tasersuaq/Saqqaata Tasia belonging to five ecologically and morphologically distinct ecomorphs.
In Normu 1'ip Saqqaata Tasia, we found a littoral benthic and a piscivorous ecomorph (figure 2c) that were genetically differentiated, and we therefore consider them as distinct royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191992 (2) litt. benthic (18) piscivore 1 (18) piscivore 2 (26) unassigned (17) prof. dwarf (9) planktivore (26) anadromous (5) litt. benthic (20) piscivore 1 (74) piscivore 2 (11) unassigned (14) prof. dwarf (9) planktivore (38) unassigned (9) unassigned (16) litt. benthic (13) unassigned (16) piscivore (12) piscivore (29) piscivore (48) litt. benthic (6) litt. benthic (1) generalist (27 Figure 2 . Overview of the morphological, ecological and genetic diversity of charr in six lakes of the Eqaluit drainage. Lakes are sorted by decreasing lake area from top to bottom. For each lake, a representative of each ecomorph or species within ecomorphs (two species within the piscivorous ecomorph of Tasersuaq and Saqqaata Tasia) is depicted. Horizontal coloured lines above bars indicate phenotypic assignment to ecomorphs; barplots (a2,b2,c2,d2,e2,f2) show the genetic assignment as obtained in the hierarchical STRUCTURE analysis across the entire drainage. Variation and differentiation in morphology and ecology among ecomorphs within lakes are represented by box plots of size (a1,b1,c1,d1,e1,f1), PCA of 24 linear measurements (a3,b3,c3,d3,e3,f3), stable isotope space of δ 13 C and δ 15 N (a4,b4,c4,d4, e4,f4), and barplots of habitat utilization (a5,b5,c5,d5,e5). For the latter, sample sizes are given in brackets.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191992 species. The latter ecomorph belonged to the genetic cluster of the rarer piscivore species of Tasersuaq (figure 2). The former was assigned to the same genetic cluster like the anadromous ecomorph of Tasersuaq/Saqqaata Tasia (figure 2), which was however not its closest relative in the NJ tree (electronic supplementary material, figure S4 ) and was clearly genetically differentiated (F ST = 0.08, p = 0.002), suggesting only little gene flow. In Normu 1'ip Saqqaata Tasia, we further caught four individuals belonging to the genetic cluster comprising the littoral benthic ecomorph of Tasersuaq/Saqqaata Tasia. Conversely, in each of Lakes Tasersuaq and Saqqaata Tasia, we caught two individuals of littoral benthic ecomorphology that belonged to the genetic cluster of the littoral benthic ecomorph of Normu 1'ip Saqqaata Tasia ( figure 2) . This indicates that the three lakes may each host two littoral benthic charr species.
In Amikitap Tasia, we caught the same two ecomorphs with the same genetic assignment as in Normu 1'ip Saqqaata Tasia (only one individual of the littoral benthic ecomorph, figure 2d ). The piscivore populations of these two lakes were genetically differentiated from each other and from the population of this genetic cluster in Saqqaata Tasia ( pairwise F ST = 0.015-0.036, all p < 0.004), but not from that of Tasersuaq (all pairwise F ST < 0.005, p > 0.2), suggesting geographical substructure between lakes within this species. According to locals, anadromous charr migrate to Amikitap Tasia for spawning. Consistent with this, we caught there four individuals belonging to the genetic cluster of anadromous charr of Tasersuaq/Saqqaata Tasia. However, we visually assigned one of them to the littoral benthic ecomorph (figure 2), and it also showed littoral benthic isotopic signatures ( figure 2d4) . It remains to be tested whether anadromous and littoral benthic charr in this lake are different species, or one population exhibiting partial migration.
Timerliit Lake 2 and Tasilikulooq Upper Lake 2 each harboured one genetically unique population (figure 2e,f ), which might be explained by their small size and geographical isolation by waterfalls. In Timerliit Lake 2, nonetheless, we found some ecomorphological diversity: a generalist, a littoral benthic and a piscivorous ecomorph. The piscivore was significantly larger (electronic supplementary material, table S7), and had higher δ 15 N values (electronic supplementary material, table S9) and lower values on morphological PC3 (electronic supplementary material, figure S6 ) than the other ecomorphs. Yet ecomorphs of that lake were neither significantly differentiated in habitat (electronic supplementary material, tables S9 and S10) nor genetics (electronic supplementary material, table S5). In Tasilikulooq Upper Lake 2, we only found a phenotypically homogeneous generalist population. Charr from this lake had shallower caudal peduncles, narrower upper jaws and different allometric relationships for head length and eye size than those of Timerliit Lake 2 (electronic supplementary material, table S11). Variation in δ 15 N was significantly larger in the latter than in the former lake ( p < 0.001), which might be due to the presence of stickleback in Timerliit Lake 2 favouring piscivory.
The few charr of Timerliit Lake 1 genetically grouped with Timerliit Lake 2 (electronic supplementary material, figure S4 ), and were visually assigned to the piscivorous ecomorph.
Charr from rivers belonged mainly to the genetic clusters comprising the littoral benthic, anadromous or the widespread piscivore ecomorphs from lakes (electronic supplementary material, figure S7 ). Based on our criteria for ecomorph assignment (electronic supplementary material, table S3), several individuals in the river stretch nearest to the ocean (site 1, figure 1) were morphologically clearly anadromous. Structure assigned them to the genetic cluster comprising the littoral benthic ecomorph from Tasersuaq/Saqqaata Tasia from which they were genetically differentiated (F ST = 0.04 and 0.03, respectively, p < 0.003), while in the NJ tree they grouped with individuals from river site 1 that were assigned to the genetic cluster of the anadromous ecomorph from Tasersuaq/ Saqqaata Tasia (electronic supplementary material, figure S4 ).
(b) Sympatric coexistence of two piscivorous species
The two genetic clusters within the piscivorous ecomorph of Tasersuaq and Saqqaata Tasia hardly differed in morphology or stable isotopes (electronic supplementary material, appendix S10 and figure S8 ). The cluster found also in two other lakes was caught marginally shallower than that confined to Tasersuaq and Saqqaata Tasia (Tasersuaq: p = 0.052; Saqqaata Tasia: p = 0.081), while variance in capture depth did not significantly differ ( p = 0.19 and 0.53, respectively). Because these genetic clusters occur in full sympatry, we consider them from now on as two distinct species.
(c) Ecological opportunity limits planktivorous, profundal and piscivorous ecomorphology
We found a significant positive correlation of the extent of morphological specialization to planktivory (90%-quantile of morphological PC1) with maximum lake depth ( p = 0.011) and lake volume ( p = 0.035; figure 3 ). There was no correlation between morphological specialization to littoral benthic lifestyle (10%-quantile of morphological PC1) with any of the proxies of ecological opportunity (all p > 0.48). Morphological specialization towards profundal lifestyle (90%-quantile of morphological PC2) was positively correlated with lake area ( p = 0.005) and lake volume ( p = 0.011), whereas the proxy for specialization to piscivory (90%-quantile of SL) significantly increased with lake area ( p = 0.023; figure 3 ).
(d) Large morphospace expansion requires speciation
Assemblage-wide morphospace increased with increasing number of ecomorphs, and genetic clusters in a lake (figure 4; electronic supplementary material, table S12). There was a sharp and significant increase of morphospace from assemblages with a single genetic cluster to those with two genetic clusters, but not from those with a single ecomorph to those with three ecomorphs within a single genetic cluster (electronic supplementary material, table S12). Of the two small lakes harbouring a single genetically homogeneous population each, Timerliit Lake 2, which contains a polymorphic charr population and stickleback, occupied a larger morphospace than Tasilikulooq Upper Lake 2, containing only a monomorphic charr population (electronic supplementary material, table S12).
Discussion
Ecological opportunity is regarded as a key factor for the occurrence and extent of adaptive radiation, both in theory royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191992 [2, 5] and with support from empirical data [7] , but the number of tests is limited. In line with this, we find the largest Arctic charr assemblage known today comprising six sympatric species in a large lake in southernmost Greenland, a region providing ample of ecological opportunity with its multitude of deep lakes devoid of other competing salmonid taxa. Two of these six species are ecologically and morphologically highly similar, and only genetic data revealed their presence. Accordingly, clustering methods based on size, stable isotopes or genetic data (nine microsatellite markers) alone all underestimated species richness, exemplifying that assessing species richness in large sympatric radiations requires a multidisciplinary approach [44] (see electronic supplementary material, appendix S11 for a detailed discussion).
In intermediately sized lakes of the same catchment, we find two ecomorphologically and genetically distinct charr species, while small lakes harbour a single genetically homogeneous, yet sometimes ecomorphologically variable species. Across the catchment, we find that lake size predicts phenotypic extremes of profundal, pelagic and piscivorous ecomorphology, which is consistent with the prediction that increasing ecological opportunity allows or requires ecomorphological specialization to several different niches simultaneously. Furthermore, we find that a lake's morphospace increases sharply as soon as multiple genetic clusters (but not multiple ecomorphs) are present, providing support for the idea that lack of speciation constrains phenotypic divergence and diversification. We discuss each of these findings in more detail below.
(a) The largest known Arctic charr species assemblage
In the two largest lakes of the Eqaluit catchment, we found six ( potentially even seven) charr species belonging to five distinct ecomorphs. This represents the most diverse Arctic charr assemblage known today, which is surprising given the much smaller size of these Greenlandic lakes compared with lakes with large charr assemblages elsewhere [20, 23] . Tasersuaq/Saqqaata Tasia may have accumulated many charr species because they have no other salmonids that could compete with charr [45] , they are not landlocked (i.e. can be repeatedly colonized from the ocean) and they occur in a contact zone between two glacial lineages of charr (as witnessed in mitochondrial haplotypes [27] ), which might promote speciation and adaptive radiation through secondary contact and hybridization [46] . Ecological opportunity may determine both the number of species and their ecological identity by providing a given set of ecological niches. Accordingly, we found that charr species richness increased with lake size, lake size predicted ecomorphological limits of charr assemblages (see below) and ecomorphs present in a lake seemed to be a non-random subset. The two intermediately sized lakes of Eqaluit provided little pelagic or profundal habitat, and we caught there neither planktivorous nor profundal ecomorphs, but only littoral benthics and piscivores. Interestingly, this combination of ecomorphs (littoral benthic, piscivorous) is also common for lakes with two charr ecomorphs in Transbaikalia [47, 48] . This may indicate that ecological opportunity causes community assembly of charr to occur in a predictable and nested way, with piscivorous and littoral benthic ecomorphs in small, and additionally profundal, dwarf and planktivorous ecomorphs in larger charr communities.
(b) Ecological opportunity predicts ecomorphological limits of assemblages
Our results are consistent with the hypothesis that ecological opportunity provided by lakes triggers morphological expansion into multiple directions of ecomorphological Figure 3 . Ecological opportunity predicts phenotypic extremes for several major directions of ecological specialization. Relationship between lake-specific morphological extremes along the four major directions of ecological specialization in charr, and maximum lake depth, lake area and lake volume. Significant linear relationships are shown. (Online version in colour.) specialization. The extent of morphological specialization towards planktivory was predicted by maximum lake depth and volume, that towards profundal lifestyle by lake area and volume, and the 90th percentile of body size, consistent with greater specialization to piscivory, by lake area. The patterns for these three specializations might be explained by greater stability and availability of their prey bases (zooplankton, profundal benthos and prey fish (stickleback and small charr), respectively) with increasing ecological opportunity.
In contrast, none of our proxies of ecological opportunity was able to predict morphological specialization towards littoral benthic lifestyle. It is possible that the morphology associated with this lifestyle is also that of the most generalist ecology. Alternatively, given that anadromous populations are most closely related to littoral benthic species (figure 2; electronic supplementary material, figure S7 ), gene flow with them may prevent local adaptation to the littoral benthic niche.
(c) Evidence for morphological expansion through speciation
We find that assemblage-wide morphospace sharply increases when multiple genetic clusters are present, but not when multiple ecomorphs within a single genetic cluster are present. This suggests that large morphospace expansion is constrained by lack of speciation. To quantitatively test this hypothesis in charr, replicates from different drainage systems will be needed. Previous studies found smaller morphological ranges of single species assemblages of stickleback and whitefish than of multispecies assemblages [1, 49, 50] , speaking towards niche expansion rather than partitioning of ancestral variation during diversification. Together with our results, this would suggest that speciation plays a crucial role for morphological expansion in adaptive radiations. Phylogenetic studies often find that trait evolution continues [51] , whereas lineage diversification slows down in adaptive radiations [1, 52] , which has been interpreted as evidence for speciation being necessary for adaptive divergence to evolve or persist during adaptive radiation [3] . Hence, speciation may be key for morphological expansion both early in the process of adaptive radiations and in its continuation.
(d) Two cryptic sympatric piscivorous charr species in the largest lakes
The piscivorous ecomorph in the two largest lakes, Tasersuaq and Saqqaata Tasia, consisted of two strongly genetically differentiated species (F ST = 0.12 and 0.14, respectively). One was confined to these two lakes, the other occurred in all but the two smallest, most isolated lakes. The latter species was caught slightly shallower than the former, suggesting that this species may not expand its depth range even in deep lakes. The subtle differences in morphology in Tasersuaq, but not in Saqqaata Tasia, and vice versa for stable isotopes, suggest that the two piscivorous species are morphologically cryptic and may not perform obvious ecological niche partitioning detectable by our methods. Sympatric occurrence of two species belonging to the same ecomorph is not uncommon in charr, but they are usually morphologically distinct and occupy different habitats (e.g. Thingvallavatn [20] ; several Russian lakes, reviewed in [19] ). To our knowledge, there is no precedence of the extent of morphological and ecological similarity between sympatric charr species despite strong genetic divergence as we show in Tasersuaq/Saqqaata Tasia. However, convergence in niche and associated traits is widespread in large adaptive radiations (e.g. cichlids [53] ; Anolis lizards [54] ), and is expected from theory [55] . Whether there is a threshold species number when convergence starts remains to be investigated, and probably depends on ecological opportunity, historical contingency, evolvability and time.
(e) Community assembly of species-rich radiations
Compared with some adaptive radiations on geographically isolated archipelagos (e.g. Galapagos, Hawaii), Eqaluit is, like the African Great Lakes, geographically not strongly isolated, but it lies in a region where very few fish species can rapidly colonize freshwater lakes. Accordingly, these tropical archipelagos have isolation-filtered faunas, whereas East African and especially Greenlandic lakes have ecologyfiltered faunas. While archipelago radiations mainly accumulated species through allopatric between-island speciation (Darwin's finches [56] ; Tetragnatha spiders [57] ) and tropical lake radiations through sympatric speciation (East African cichlids [58] ), allopatric speciation between drainages and between lakes within drainages, as well as sympatric speciation within lakes, seem plausible for Greenlandic charr. Theoretical models found that dynamic mosaic landscapes with periods of isolation (allowing divergent adaptation) and periods of reconnection (allowing secondary contact, hybrid speciation and reinforcement) generated highest species diversity [59] . The geographical setting of loosely connected drainage systems comprising multiple lakes may predispose the Greenlandic archipelago of lakes to rapidly accumulate exceptionally high sympatric charr species diversity. Given the multitude of lakes along the Greenland coast, this process may have generated hundreds of charr species that remain to be discovered.
